As a model system for investigating the mechanism of the hepatic NAD-lowering effect of leucine in rats, aerobically grown Saccharomyces carlsbergensis was used in this paper. Tryptophan supplementation of the medium doubled total niacin pro duction by S. carlsbergensis. This elevation in total niacin was mainly due to increases in niacin (14 times) and niacinamide nucleotides (2 times). Among nucleotides, the NAD level doubled whereas NADH, NADP and NADPH levels dropped significantly. Simultaneous supplementation of the medium with leucine suppressed the elevation in total and free niacin levels. In the presence of tryptophan, approximately 50% of the total niacin was secreted in the medium in the form of free niacin, while in the presence of both tryptophan and leucine most of the total niacin remained in the cell. The specific activity of quinolinate phosphoribosyltransferase [EC 2.4.2.19] was not affected by supplementation of the medium with tryptophan and/or leucine. In contrast, the specific activity of nicoti namide deamidase [EC 3.5.1.19] increased fivefold in the presence of tryptophan. Simultaneous supplementation of the medium with leucine suppressed the increase in nicotinamide deamidase. Cellular incorporation of tryptophan was not affected by leucine simul taneously added as a supplement to the medium. Leucine did not have any inhibitory effect on total niacin synthesis from 3-hydroxyanthranilate. From the results, a possible mechanism for the inhibitory effect of leucine on the tryptophan-NAD pathway was discussed.
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The authors have previously reported that the hepatic NAD content is lowered M. SHIN, K . SANG, and C. UMEZAWA in rats fed on a 10% casein diet freely (1) supplemented with 5% leucine and in rats pair-fed on the same diet (2). As hepatic NAD glycohydrolase [EC 3.2.2.5] activity was significantly elevated in the rats fed on the excess leucine diet (2) , acceleration of NAD d egradation might be partially responsible for a decrease in the hepatic NAD level. Ghafoorunissa and Narasinga Rao, however , suggested the possibility that leucine might inhibit the pathway of biosynthesis of NAD from tryptophan (3) .
Saccharomyces is known to synthesize NAD using the salvage pathway (Price Handler's pathway) (4) and the two de novo pathways (5) . One of the de novo pathways is anaerobic, starting from aspartate and a C3 fragment, while the other pathway is aerobic and believed to be similar to that in the mammalian liver, starting from tryptophan. Therefore, it is interesting to investigate whether leucine exerts any influence on synthesis of niacin from tryptophan in Saccharomyces .
In this paper, effects of leucine on tryptophan incorporation , synthesis of total niacin and niacin-related compounds from tryptophan , distribution patterns of niacin-related compounds between medium and cells , and activities of some enzymes related to the tryptophan-niacin metabolism were investigated using aerobically grown Saccharomyces carlsbergensis. the reaction mixture were applied to Toyo No . 51 paper, developed with n-butanol water-25% ammonia (110:19:1) and the fraction corresponding to niacin was cut out. The niacin content of the fraction was determined microbiologically . Protein concentration was determined by the method of Lowry et al . (12) . Incorporation of tryptophan and leucine into cells . At certain time intervals, portions of culture broth were withdrawn and centrifuged. The supernatant was treated with HC1O4 (Final concentration 0.5M .), neutralized with 3N KOH and the KC1O4 sediment removed. The clear supernatant thus obtained was analyzed using an amino acid analyzer (Toyo JCL-6AH , JOEL Ltd.). Incorporated tryptophan was calculated by subtracting the amount of tryptophan found in the supernatant at a certain time from the amount initially added to the medium . Tryptophan incorporated per mg of cells was obtained by dividing the amount of tryptophan incorporated by the amount of cells present at the time .
RESULTS
Effect of tryptophan and/or leucine on the total niacin production As shown in Table 2 , 10.5 nmol of niacin per mg of cells were produced in the basal medium. When tryptophan was added to the medium , niacin production i ncreased, and doubled with 0 .49mM of tryptophan. As no further increase in total niacin production was observed with a higher concentration of tryptophan , 0.49mM of tryptophan was used in the following experiments . With leucine alone, niacin production increased slightly. When leucine was added as a supplement simul taneously with tryptophan, total niacin was lowered to the level found in the basal medium (Table 3) stationary phase, total niacin reached at the maximal constant level. Addition of tryptophan to the medium doubled total niacin production in the stationary phase, this increase mainly being due to the 14-fold increase in niacin and two-fold increase in niacinamide nucleotides. Simultaneous addition of leucine caused delay in growth and repressed the rises in total niacin, free niacin and niacinamide nucleotides owing to tryptophan supplementation. As shown in Fig. 2 , total NAD increased by 50% in the presence of tryptophan, the major part of this increase being in the oxidized form. Total NADP content decreased significantly. Simultaneous supplementation of leucine did not have any definite effect on niacinamide nucleotides.
Distribution of niacin derivatives between medium and cells
The concentration of tryptophan in the medium was increased 10 times in this experiment to obtain comparatively similar growth rates in each culture. The amount of tryptophan used was shown to cause no further change in total niacin accumulation (Table 2 ). Though total niacin in the culture broth was reduced by adding leucine to the medium, total niacin in the cell, on the other hand, increased. This result indicated that the secretion of niacin derivatives into the medium was diminished by leucine (Fig. 3) . Secretion of free niacin was most significantly affected in the presence of leucine. Small amounts of niacinamide nucleotides and free niacinamide were also secreted from the early stage of the logarithmic phase.
Effect of tryptophan and leucine on quinolinate phosphoribosyltransferase and nicotnnamide deamidase
Quinolinate phosphoribosyltransferase is one of the key enzymes in the tryptophan-NAD pathway, and the specific activity of the rat liver enzyme has been reported to change in accordance with the level of dietary protein (13) and excess dietary leucine (3). In S. carlsbergensis grown in the medium containing tryptophan and/or leucine, the specific activity of quinolinate phosphoribosyltransferase remained at a fairly constant level (0.20 to 0.25 unit/mg protein) during the logarithmic and the stationary phases (Fig. 4) . Tryptophan or leucine added to the reaction mixture for the enzyme assay at the 5mM level did not have any effect on enzyme activity.
Nicotinamide deamidase activity fluctuated and was high when a large amount of free niacin had accumulated (Fig. 4) . Tryptophan or leucine added to the reaction mixture for the enzyme assay at the 10mM level had no inhibitory effect on enzyme activity.
Cellular uptake of tryptophan and leucine from the medium Cellular uptake of tryptophan and leucine from the medium was studied in the logarithmic phase (Fig. 5) . Approximately 40% of leucine was incorporated rapidly from the medium and the remainder incorporated gradually. Cellular uptake of tryptophan was also rapid in the early logarithmic phase and then slowed down in the late logarithmic phase. When tryptophan and leucine were added simul taneously, the rate of leucine uptake did not change , but that of tryptophan uptake was lowered compared to the rate observed when tryptophan alone was added .
As growth was delayed in the leucine-supplemented medium , the amount of incorporated tryptophan was calculated on the basis of mg of cells . The amount of tryptophan incorporated per mg of cells in the tryptophan-leucine-supplemented medium was no different from that in the tryptophan-supplemented medium (Fig .  5) . The results indicated that leucine did not lower total niacin through competitive inhibition of membrane transport of tryptophan.
Effect of leucine on total niacin synthesis from 3-hydroxyanthranilate When 3-hydroxyanthranilate was added to the medium as a precursor in place of tryptophan, simultaneous addition of leucine did not reduce , but rather, increased total niacin synthesis (Table 4) . DISCUSSION In rats, leucine lowered hepatic NAD and total niacinamide nucleotides below the normal levels (1). In S. carlsbergensis , the total niacin level was elevated by adding tryptophan to the medium, and simultaneous addition of leucine suppressed the total niacin level to that found in the cells grown in the basal medium .
When leucine was added alone, a significant delay in growth was observed . This growth retardation was possibly due to a decline in isoleucine biosynthesis by inhibition of threonine deamidase and acetolactate synthetase by leucine (14) .
An increase in total niacin content caused by tryptophan supplementation of the medium depended mainly on elevation of free niacin and niacinamide nucleotide levels, leucine restoring their levels. Among niacinamide nucleotides , NAD in creased, while both NADP and NADPH decreased significantly in the stationary phase when tryptophan was added as a supplement to the medium. The results suggest that there might be a mechanism for maintaining the level of NAD within a narrow range by NADPH-dependent kynurenine 3-hydroxylase [EC 1 .14.1.2], a rate-limiting step in the tryptophan-NAD pathway (15) (16) (17) . Ting et al. (18) also observed a fall in the NADP level in yeast in the stationary phase. The total NADP level was related to the activities of the hexose monophosphate pathway which generates NADPH (17) . The decrease in NADP was probably the result of the exhaustion of the medium of glucose.
The limitation of the concentration of biotin in the medium has been reported to cause a significant increase in the amount of niacin secreted by yeasts (6) . Leakage of NAD and NADP out of the yeast cells has also been reported when one or more factor(s) present in the vitamin-free yeast extract is exhausted (19) . When niacinamide nucleotides in the cell and those in the supernatant were measured separately, most of the nucleotides were found to remain in the cell in the early stationary phase but to be secreted in the medium in the late stationary phase. An increase in niacin secretion caused by tryptophan supplementation of the medium corresponded to an increase in the activity of nicotinamide deamidase, and suppression in niacin secretion caused by simultaneous addition of leucine cor responded to a decrease in the activity of the enzyme.
It has been reported that uptake of arginine is inhibited by some basic amino acids, and that neutral amino acids compete with each other for the same transport mechanism in yeasts (20) . Leucine, a neutral amino acid, and tryptophan, a basic amino acid, are therefore supposed to be transported via different transport systems in yeasts. In our present study, the amount of tryptophan transported into cells, calculated on the basis of mg of cells, did not differ irrespective of leucine being added as a supplement to the medium.
The results on tryptophan transport and total niacin synthesis from 3 hydroxyanthranilate (Table 4) indicate that leucine seems to inhibit the tryptophan NAD pathway at a stage earlier than 3-hydroxyanthranilate but not at the stage of the membrane transport of tryptophan. Kynurenine 3-hydroxylase is supposed to be a key enzyme in the tryptophan-NAD pathway in rats (15) , yeasts (16) and Neurospora (17) . The effect of leucine and its related compounds on this enzyme is reported in the following paper. 
